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ABSTRACT

Author: LaFleur, Allison, T. MS
Institution: Purdue University
Degree Received: May 2018
Title: The Role of Direct Insolation and Near-Surface Moisture Advection in the Recovery of
CAPE on 31 March 2016 During VORTEX-Southeast.
Committee Chair: Dr. Robin Tanamachi
The relative roles of direct insolation and near-surface moisture advection in the recovery of
convective available potential energy (CAPE) on 31 March 2016 in northern Alabama are
examined using VORTEX-Southeast observations and numerical simulations. In between rounds
of nontornadic morning storms and tornadic evening storms, CAPE over the VORTEX-Southeast
domain increased from near zero to at least 500 J kg-1. A timeline of the day’s events is provided
with a focus on the evolution of the lower levels of the atmosphere. In particular, we focus on its
responses to solar insolation and moisture advection, which are hypothesized as the main
mechanisms behind the recovery of CAPE. Data from the University of Massachusetts S-Band
frequency-modulated, continuous-wave (FMCW) radar and NOAA National Severe Storms
Laboratory (NSSL) Collaborative Lower Atmospheric Mobile Profiling System (CLAMPS) are
used to characterize the boundary layer evolution in the pretornadic storm environment. It is found
that insolation-driven diabatic heating was the primary driver of rapid CAPE recovery on this day.
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INTRODUCTION

1.1

Tornadoes and Convective Available Potential Energy
Convective available potential energy (CAPE), a commonly used parameter in tornado

forecasting, is calculated using an atmospheric sounding. It is defined as maximum buoyancy of
an undiluted air parcel, related to the potential updraft strength of thunderstorms (American
Meteorological Society 2017). On a sounding diagram, CAPE is the sum of the area between the
temperature of the environment and the temperature a parcel would take when lifted from the
surface, or some predetermined layer in the atmosphere, to its equilibrium level (Dowsell and
Rasmussen 1994). The equilibrium level is the level of the atmosphere where a parcel reaches
neutral buoyancy and is the same density as the surrounding air. Mathematically CAPE is
represented as
𝑝𝑛

𝐶𝐴𝑃𝐸 = ∫ 𝑅𝑑 (𝑇𝑣𝑝 − 𝑇𝑣𝑒 )𝑑𝑙𝑛 𝑝
𝑝𝑓

(1)

where 𝑝𝑓 is the pressure at the level of free convection, and 𝑝𝑛 is the pressure at the equilibrium
level, 𝑅𝑑 is the specific gas constant for dry air, 𝑇𝑣𝑝 is the virtual temperature of a lifted parcel
moving upward moist adiabatically from the level of free convection to the equilibrium level,
and 𝑇𝑣𝑒 is the virtual temperature of the environment (American Meteorological Society 2017).
Higher CAPE indicates a more unstable atmosphere that will support stronger updrafts, and
therefore stronger supercells. There are different CAPE calculations depending on which starting
parcel is used to calculate CAPE. The most commonly used varieties of CAPE are those from
surface based (SB), the mean layer (ML), and most unstable (MU) parcels.
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Tornadoes in the Southeast United States can occur under different conditions than are
typically seen in the Great Plains. For instance, severe storms have been observed to form when
analyzed CAPE is less than 500 J kg-1, as opposed to the 1000 J kg-1 that is generally accepted as
needed for tornadic storms to develop (Sherburn and Parker 2014). In other words, these storms
are able to form and persist in environments with low CAPE. It has also been hypothesized that
the low CAPE values arise from inaccurate analysis, or that the environment generates regions of
high CAPE which are smaller than current mesoscale analysis can resolve (Rasmussen 2015)
which is about 40 km (Hart et al. 2016). These analysis errors are can occur anywhere, but the
southeast sees more of these low CAPE storms, particularly in the form of quasi-linear
convective systems (QCLS) (Thompson et al 2013). In the southeast United States, low CAPE
storms are most common during the cold season, or at night, which are the same times false
alarm rates are the highest for tornado forecasts in this area (Sherburn and Parker 2014).
Previous case studies (Johns 1993; Lane and Moore 2006; Clark 2009; Evans 2010)
found that there is likely a dry intrusion aloft in low CAPE storm environments. This layer is
hypothesized to coincide with the start and/or strengthening of convection and the release of
instability (Johns 1993; Lane and Moore 2006; Clark 2009; Evans 2010).
Modeling studies show that robust convection is possible when the instability is
concentrated in the lowest levels in these weak CAPE environments (Kirpatrick et al 2011;
McCaul and Weisman 2001, Sherburn et al. 2016). In other words, when the parcel reaches its
maximum buoyancy at lower levels stronger updraft accelerations are promoted, because more
CAPE is available to the low-level updraft than when the same amount of buoyancy is spread
throughout the depth of the atmosphere (Kirpatrick et al 2011). Additionally, because stronger
updraft accelerations are promoted in lower levels, there is also enhanced stretching of
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preexisting vorticity at these levels (Kirpatrick et al 2011). A study by Kirkpatrick et al (2011)
examined how storms behaved in environments with different amounts of CAPE and precipitable
water. More recently, studies have focused on identifying radar signatures within these low
CAPE storms (McAvoy et al 2000; Grumm and Glazewski 2004; Barker 2006; Clark 2011).
Grumm and Glazewski (2004) looked to identify “Broken S” signatures in radar data to help
identify storms to watch. These signatures occur in low-topped mesoscale convective systems
and have a similar appearance to a line echo wave pattern (Grumm and Glazewski 2004). Barker
(2006) examined reflectivity tags and bulges, and Clark (2011) examined the relationship
between the path length of rotating storms (identified by updraft helicity swaths) in model data to
the observed path lengths of tornadoes. Clark (2011) identified and discussed the benefit of using
convection allowing models (CAMs) to determine the convective mode and hazards of a storm,
rather than just the storm environment. However, that study did point out challenges that require
further study and research. CAMs do not fully resolve some meteorological hazards associated
with storms. For example, models can reproduce storms and mesocyclones that lead to
tornadoes, but individual tornadoes are too small to resolve on most operational model grids
(Clark 2011). Kirkpatrick et al (2011) also asserted that using environmental parameters from
models to predict tornadoes is difficult, and often these modeled environmental parameters have
large uncertainty as well.
These low-CAPE studies mention that more research is needed to fully understand the
environment in which these low CAPE storms develop. In this study, we propose a method to
examine various sources of CAPE in the environment, and time tendency of CAPE, and in turn
the time tendency of the difference sources, to see if one source predominates.
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VORTEX-Southeast was a field program to study tornadoes and tornado environments in
the southeast United States (Rasmussen 2015). The field observations were collected on a
domain centered on Huntsville, Alabama, that encompassed roughly the northern third of
Alabama. VORTEX-Southeast looked to understand the environments of the southeast United
States that influence the structure and path of the region’s tornadoes, as well as how to best
communicate warnings of these storms to the public (Rasmussen 2015). The tornadoes in this
area often occur at night, in forested areas, outside of the perceived tornado season. Additionally,
they often occur in areas with limited visibility, inadequate shelter, and a large population. These
factors are believed to contribute to the disproportionately large number of killer tornadoes in
this area (Ashley 2007).
As mentioned previously, the southeast United States sees frequent storms in low-CAPE
environments (Sherburn and Parker 2014). One goal of VORTEX-Southeast is to ascertain
whether local values of CAPE were larger than operational analyses suggest, or whether CAPE
grew large on short time scales owing to rapid destabilization of the environment (King et al.
2017). To study this phenomenon, it was hypothesized that tornadic thunderstorms are strongly
forced, such as by cold fronts or low level jets, and have upper tropospheric support for
quasigeostrophic (QG) ascent. This hypothesis was assessed by evaluating the rate of convective
destabilization (Rasmussen 2015), using VORTEX-Southeast observations (Koch and
Rasmussen 2016) to examine relative roles of direct insolation and near-surface moisture
advection. Many instruments were deployed across the VORTEX-Southest domain during its
special observation campaigns in 2016 and 2017. Since the VORTEX-Southeast domain was
near the Gulf of Mexico, moisture advection from the ocean was hypothesized to be a typical
contributor to increased instability.
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In this study, we look to develop a way to assess CAPE tendency from observations in
order to compliment forecast models. To do so, we will analyze the CAPE development over the
course of a particular case. We then break down the development of CAPE from individual
sources to determine which source, or combination of sources, leads primarily to the
destabilization of the atmosphere.

1.2

Time Tendency of CAPE
In order to examine the different factors of the buildup of CAPE over the course of the

afternoon, we utilized the equation for the time tendency of CAPE (Emanuel 1994):

𝑃𝐿𝐶𝐿
𝑑𝐶𝐴𝑃𝐸
𝑑𝑆𝑏
𝑅𝑑 𝑄 𝑇𝑣
𝑅𝑑 𝑇𝑣
(𝑣𝑟 ∙ ∇𝜃)𝑑 ln 𝑃
= (𝑇𝐿𝐶𝐿 − 𝑇𝐸𝐿 )
−∫
( )−
𝑑𝑡
𝑑𝑡
𝐶𝑝 𝑇
𝜃
𝑃𝐸𝐿

A.

B.

(2)

C.

where 𝑇𝐿𝑐𝐿 is the temperature at the lifting condensation level (LCL), which is the level a parcel
of moist air, that is lifted dry-adiabatically, would become saturated (American Meteorological
Society 2017). 𝑇𝐸𝑙 is the temperature at the equilibrium level (EL),

𝑑𝑆𝑏
𝑑𝑡

is the change in parcel

entropy in the subcloud layer, 𝑅𝑑 is the gas constant of dry air (287.058 J kg-1 K-1), 𝑇𝑣 is the
virtual temperature, 𝑄 is the radiative cooling rate of the free atmosphere, 𝑣𝑟 are the winds
relative to the parcel, and 𝜃 is potential temperature.
In equation (2), term A is the boundary layer (BL) entropy term. This term can be
rewritten as

(1 −

𝑇𝐸𝑙
𝑑𝑇
)𝐶𝑝
𝑇𝑜
𝑑𝑡

(3)

6

as shown by Humphrey and Bosart (2011). To is the starting temperature of the parcel, 𝐶𝑝 is the
specific heat capacity at a constant pressure, and

𝑑𝑇
𝑑𝑡

is the heating rate of the subcloud layer. This

heating can be a result of diurnal heating, horizontal temperature advection, adiabatic warming
of descending air, or the combination of the three (Humphry and Bosart 2011). This alternative
form of the equation was used to calculate the change in CAPE from the BL entropy. Increasing
boundary layer entropy increases instability in this layer.
Term B is the radiative heating term. Radiative heating is only calculated from the LCL
to the EL, meaning it is only calculating radiative heating or cooling in the cloud layer. Cooling
this layer increases instability.
All of the variables, except Q, were available from the model directly. To calculate Q, we
solved the thermodynamic equation,
𝜕𝑇
𝑄
= −𝑣⃑ ∙ ∇𝑇 + 𝑆𝑝 𝜔 +
𝜕𝑡
𝐶𝑝

(4)

where −𝑣⃑ ∙ ∇𝑇 represents temperature advection, 𝑆𝑝 is a static stability parameter, 𝜔 is vertical
velocity. 𝑆𝑝 was calculated as
𝑆𝑝 =

𝛼 𝜕𝑇
−
𝐶𝑝 𝜕𝑝

(5)

1

where 𝛼 is defined as specific density, 𝜌, where 𝜌 is air density.
Term C, the advection term, also calculated from the LCL to the EL (i.e., in the cloud
layer), represents the effects of temperature advection. Cooling this layer will increase the lapse
rate, which will in turn increase CAPE.
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1.3

31 March 2016 Case
We seek to develop a theory-based methodology to assess CAPE tendency using

conventionally available observations. As a case study, we look to understand what allowed the
northern Alabama tornadic storms of 31 March 2016 to form in what was believed to be a low
CAPE environment. On this day, morning storms depleted most of the CAPE, but owing to rapid
destabilization in the afternoon, tornadic storms were still able to form in the evening. This case
occurred during an intensive observing period (IOP) of the Verification of the Origins of
Rotation in Tornadoes Experiment (VORTEX)-Southeast 2016 field campaign (Rassmussen and
Koch 2016). In between the morning storms (Fig. 1) and the evening tornadic storms (Fig. 2), a
large amount of meteorological data were collected in northern Alabama as the CAPE over the
VORTEX-Southeast domain increased by at least 500 J kg-1 and possibly as much as 1282 J kg-1
(Table 1). Scale analysis of the Emanuel (1994) equation (shown in appendix), as well as recent
work by Agard and Emanuel (2017), suggest that diabatic heating and moisture advection, at the
low levels, are the primary drivers of CAPE buildup in severe storm environments. We
hypothesize that direct insolation and near-surface moisture advection were the dominant
mechanisms in the rapid recovery of CAPE over northern Alabama on 31 March 2016, which
then allowed for severe storms to develop.
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Figure 1: 0.5° Reflectivity (in dBZ) from Huntsville-Hytop radar (KHTX) at 1329 UTC on 31 March 2016 depicting
the morning storms.

Figure 2: Same as Fig. 1, but at 0102 UTC on 1 April 2016, depicting the evening tornadic storms.
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Table 1: Surface-based, mixed layer, and most unstable CAPE and CIN (in J kg-1) from three soundings taken at
Belle Mina, Alabama on 31 March 2016.

Time

20

21

22

UTC

UTC

UTC

SBCAPE

119

1282

558

SBCIN

-102

0

-16

MLCAPE

61

149

367

MLCIN

-120

-62

-37

MUCAPE

592

1282

668

MUCIN

-1

0

-10

On 31 March 2016, a VORTEX-Southeast Intensive Operation Period (IOP3) was
declared in anticipation of convective storms in the domain. Non-severe morning convection was
expected in association with little to no low-level CAPE, but in the afternoon the environment
was expected to support supercells due to rapid destabilization and moderate low-level wind
shear (NWS Storm Prediction Center 2016). The focus of VORTEX-Southeast field observations
was the rapid northward advection of warm, humid, near-surface air as a morning convective
system departed, in expectation of stronger convection in the evening after the return of unstable
air (Rasmussen 2016). What follows is a timeline of the day’s events.
Widespread non-severe storms moved through the VORTEX-Southeast domain early in
the morning on 31 March. These storms were part of a mesoscale convective system that moved
through Alabama and Tennessee that morning. Fig. 3a depicts the rainfall as seen by the
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vertically-pointing UMass FMCW radar at Belle Mina, Alabama. This morning rain and its
associated cool outflow stabilized the boundary layer over northern Alabama (Fig. 3b).
After the cessation of rainfall, at Belle Mina, around 1650 UTC (Fig. 3a), the convective
boundary layer began to redevelop, reaching a depth of about 500 m by 1740 UTC (Fig. 3b) and
1 km by 2000 UTC (not shown). This development was evident in the refractive index
turbulence detected by the FMCW (Fig 3b) .

(a)

(b)
Figure 3: Reflectivity factor (in dBZ) observed by the FMCW radar during the morning rain from (a) 1600-1659
UTC and (b) 1700-1759 UTC. Reflectivity maxima appearing at constant altitude in time (e.g., at 3.9 km AGL) are
artifacts of power spurs in the UMass FMCW
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Figure 4: 0.5° Reflectivity (in dBZ) from KHTX at (a) 1900 UTC, (b) 2101 UTC, (c) 2200 UTC, (d) 2308 UTC, and
(e) 2354 UTC on 31 March 2016, and (f) 0041 UTC, (g) 0204 UTC, and (h) 0300 UTC on 1 April 2016.54 4 UTC
on 31 March 2016, and (f) 0041 UTC, (g) 0204 UTC, and (h) 0300 UTC on 1 April 2016.
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At 1900 UTC, thunderstorms developed over north central Mississippi (Fig. 4a). These
storms were more discrete in nature when compared to the morning convection, owing to
increased deep-layer wind shear. These storms moved rapidly to the northeast (Fig. 4b), with
some exhibiting weak rotation (not shown). They then moved into air that was generally
considered too stable to support low-level rotation. By 2100 UTC, the NWS Storm Prediction
Center (SPC) released Mesoscale Discussion #311 about these cells and their surrounding
environment (NWS Storm Prediction Center 2016). According to SPC forecasters, the morning
convection left a large-scale outflow boundary over northern Mississippi and central Alabama,
an area which now exhibited strong speed shear in the mid- and upper levels, and 0-to-1 km bulk
shear around 200 m2 s-2. On the southwest side of the boundary, surface winds were from the
southeast, skies were clear, temperatures were in the mid to upper 20s and dewpoints were in the
upper teens to lower 20s in degrees Celsius. Northeast of the boundary, skies were cloudy,
temperatures were in the low to mid 20s, and dewpoints were in the mid to upper teens in
degrees Celsius.

13

Figure 5: 0.5° Velocity from (a) KGWX in northwest Alabama with low level rotation circled in gold and (b) KTHX
in northern Alabama with rotation circled in gold.
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At 2200 UTC, storms with persistent low-level rotation had reached the AlabamaTennessee border (Figs. 4c, 5a), despite surface conditions being relatively cool and stable. Fig.
6 shows the surface analysis at this time. At 2300 UTC, the NWS SPC issued Tornado Watch
#72 over northern Alabama and south-central Tennessee, citing “supercells capable of hail,
locally damaging winds, and tornadoes expected to develop and move eastward to eastnortheastward across the area overnight” (NWS Storm Prediction Center 2016). The SPC
released two more mesoscale discussions over the next hour, at 2352 UTC on 31 March 2016
(#315) and 0041 UTC (#317) on 1 April 2016, respectively, mentioning developing discrete cells
on the Alabama-Mississippi and Alabama-Georgia borders, respectively (NWS Storm Prediction
Center 2016). The cells had developed into a mix of discrete supercells and clusters (Fig. 4d-f),
supporting a tornado risk across northern Alabama (NWS Storm Prediction Center 2016). The
environment was characterized by backing and strengthening winds above 1 km MSL, 0-1 km
storm relative helicity (SRH) of 250 to 300 m2 s-2, surface dew points generally increasing from
17 to 21 C from the Tennessee border southward across northern Alabama (Fig. 6), and mixed
layer CAPE (MLCAPE) of 1000 J kg-1. Low-level warm air advection (WAA) was also present
closer to the Alabama-Georgia border.
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Figure 6: Surface analysis from 2207 UTC in the Southeast United States (courtesy of Plymouth State University).
Temperatures and dew points are in °C; pressure is shown in hPa, and wind barbs are shown in knots. The
VORTEX-Southeast domain is outlined in purple.

Over the next few hours, the northern Alabama storms (Fig. 4d-f) continued to exhibit
low-level rotation (not shown). These storms moved over the VORTEX-Southeast domain,
generating a tornado near Priceville, Alabama at 0200 UTC (Fig. 4g). The tornado touched down
just northeast of Hartselle, Alabama and moved northeast, dissipating just northeast of Priceville,
Alabama. Velocity data from the KTHX radar depict these storms in figure 5b. The tornado was
rated an EF-2 on the Enhanced Fujita scale with maximum winds of 69 m s-1. Its track was
approximately 14 km long and 180 m wide (NWS 2016). VORTEX-Southeast field
observations ceased at 0300 UTC, when the storms exited the Huntsville domain (Fig. 4h).
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METHODOLOGY

2.1

Data
To diagnose the development of instability over the course of the afternoon, we utilized

observations and model data. First of all, we simply examined how CAPE values changed over
the course of the afternoon. This was done with soundings, radar data, interferometer data, and a
meteorological tower. Then to further diagnose what resulted in the increasing instability in the
area we used model data and equation (2) to determine what layer of the atmosphere and what
mechanisms lead to the increase of CAPE.
To evaluate Emanuel (1994)’s equation (2), we need a number of meteorological
variables. These include temperature T, the LCL height, EL height, potential temperature θ,
winds to calculate advection 𝑣 ∙ ∇𝜃, entropy values S, heating rates Q, pressure P, and virtual
temperature Tv.
2.1.1 Observations
Radiosonde soundings, the University of Massachusetts (UMass) S-Band frequencymodulated, continuous-wave (FMCW) radar (Ince et al. 2003), and the Collaborative Lower
Atmospheric Mobile Profiling System (CLAMPS) (Geerts et al 2016), which were collocated at
Belle Mina, Alabama, were used as primary sources of thermodynamic and precipitation-related
variables for this study. The UMass FMCW is a vertically-pointing, S-band mobile radar with
2.5 m vertical resolution. It has a pair of 2.4 m parabolic dish antennas with 34 dB of gain (Ince
et al. 2003). Table 2 has further specifications of the instrument. The Atmospheric Emitted
Radiance Interferometer (AERI; Blumberg et al. 2015), the principal instrument of the
CLAMPS, is an operational ground-based spectrometer that measures the downwelling infrared
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(3–19 µm) radiance emitted by the atmosphere at a high temporal and spectral resolution
(Blumberg et al 2015).

Table 2: UMass FMCW instrument characteristics (Ince et al. 2003).

Description
Center frequency
Bandwidth
Transmit Power
Sweep Time
Noise Figure
Range Resolution
Height Coverage
Antenna Gain
Antenna Beam Width
Polarization

2.94 GHz
60 MHz
250 W
45 ms
2 dB
2.5 m
2.5 km
34 dB
3°
Single, linear

Data from the NOAA Air Resources Laboratory’s Atmospheric Turbulence and
Diffusion Division (ATDD) were also utilized in this study. During VORTEX-Southeast IOPs,
ATDD personnel released GRAW DFM-09 radiosondes with 1 second temporal resolution from
Belle Mina, Alabama. On 31 March 2016, soundings were launched hourly at and after 2000
UTC (Lee et al 2016). ATDD also had a meteorological tower at Belle Mina. This tower
collected meteorological, soil, and flux observations. Table 3 provides the specifications for the
instruments on the meteorological tower (Lee et al 2016). The tower sampled data every 5
seconds and reported the 30-minute mean, except for the sonic anemometers and gas analyzers
that sampled at 10 Hz, or every 0.1 seconds (Lee et al 2016).
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Table 3: Meteorological instruments with their corresponding instrument and sampling height from the instruments
on the meteorological tower in Belle Mina, AL (Lee et al 2016).

Soundings were used to directly calculate CAPE using SHARPpy (Blumberg et al. 2017).
The meteorological tower provided surface temperature T, dewpoint Td, and net radiation R. The
CLAMPS system also provided boundary layer profiles of temperature T and dewpoint
temperature Td that were used to calculate CAPE at times intermediate to those of the soundings.
2.1.2 Numerical model
The Advanced Regional Prediction System (ARPS; Xue et al. 2000) was used to model
the storms on 31 March 2016. The ARPS is a nonhydrostatic numerical cloud model designed to
be used on the regional to storm scale (Xue et al 2000). The model was run at 6 km grid spacing,
nested within the 1200 UTC The North American Mesoscale Forecast System (NAM), starting
from 1200 UTC on 31 March and ending 0300 UTC on 1 April . The Yonsei University
Planetary Boundary Layer Scheme (YSU PBL) parameterization and the triple-moment version
of the NSSL precipitation microphysics scheme were used.
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Hereafter, all of the terms in the time tendency of CAPE equation (2) were calculated
from model data, and these results were compared to what was observed (Section 2.1.i).

2.2

CAPE Development

2.2.1 ATDD Soundings and CLAMPS Data
Following the morning rain on 31 March, CAPE values grew to over 1200 J kg-1, as
evidenced by hourly radiosonde soundings (Lee et al. 2016b) taken at Belle Mina, Alabama
(where UMass FMCW and CLAMPS were collocated). SHARPpy (Blumberg et al. 2017) was
used to calculate the instability parameters from these soundings (Table 1). It can be seen that the
greatest SBCAPE increase occurred between 2000 UTC and 2100 UTC (Table 1). During that
hour, shortwave solar insolation increased over the Belle Mina site (Fig. 7), resulting in more
surface heating over the area (Fig. 8). UMass FMCW reflectivity observations (Fig. 9) show that
the boundary layer deepened slightly and became more convectively active during this period
from 2000 UTC to 2100 UTC. An extended Kalman filter (Lange et al 2015) was used to
objectively identify and track the boundary layer heights over this afternoon, in one hour
increments. An extended Kalman filter is a non “memoryless” algorithm. It uses both the current
profile of the boundary layer and the past boundary layer heights to determine the current
boundary layer height. After the data is pre-processed a measurement model is used that models
the mixed layer- free troposphere interface. From there the boundary layer height is extracted.
From the EKF algorithm, it was found that boundary layer height reached 600 m by ~2130 UTC.
An example of this filter applied to data is shown in Fig. 9.
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Radiation on 31 March 2016 in Belle Mina, Alabama
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Figure 7: Shortwave radiation data from a 2.5 m AGL meteorological tower at Belle Mina, Alabama. Data from Lee
et al. (2016a).
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Figure 8: Temperature data from 3 m AGL meteorological tower at Belle Mina, Alabama. Data from Lee et al.
(2016a).

21

Figure 9: FMCW reflectivity from 31 March 2016 2000 UTC to 2200 UTC with the extended Kalman filter applied
to locate boundary layer heights (magenta crosses).

2.2.2 Sounding replacement analysis
We performed an initial “sounding replacement” analysis to estimate the amount CAPE
we would expect to see from the increased heating versus increasing moisture. For the purposes
of this preliminary analysis, it was assumed that solar insolation (Fig. 7) was the only factor
contributing to the change in temperature (Fig. 8), while moisture advection was the only factor
contributing to the change in the dewpoint profile. These assumptions were made to get an initial
idea of CAPE recovery mechanisms, and should not be considered representative of the actual
CAPE recovery that occurred.
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Our “sounding replacement” analysis proceeded as follows. The temperature profile from
the 2000 UTC ATDD sounding at Belle Mina (Fig. 10a) was replaced with the corresponding
temperature profile from the 2100 UTC sounding, with the remaining variables unchanged.
CAPE was then recalculated to estimate the changes in CAPE values due to insolation. Using
this technique, we found that solar insolation should have increased CAPE values by
approximately 1822 J kg-1. To estimate the increase in CAPE due solely to moisture advection,
this process was repeated on the dew point profile in the 2000 UTC ATDD sounding. It was
found that replacing the moisture profile in the 2000 UTC ATDD sounding with that from the
2100 UC sounding increased CAPE by approximately 141 J kg-1. The observed CAPE increase
was 1282 J kg-1 (Table 1), signifying that some other process or processes were at work to
modulate the changes in CAPE, and that additional analysis was needed.
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Figure 10: Skew-T log-p plots of the
radiosonde soundings from (a) 2000, (b)
2100, and (c) 2200 at Belle Mina,
Alabama

Figure 10
2.2.3 Constructed soundings
While hourly soundings are useful, they are still too coarse temporally to resolve rapid
changes in CAPE. To examine how CAPE changed on a sub-hourly scale, the CLAMPS
temperature and moisture profiles, which extended from the surface to 4 km AGL, were
combined with the ATDD soundings above 4 km AGL to create constructed soundings every
five minutes from 2000 UTC to 2230 UTC. Additionally, the ATDD soundings were temporally
interpolated to five-minute intervals from 2000 to 2230 UTC. This was done to match the
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temporal resolution of the CLAMPS data, and to avoid large discontinuities in CAPE resulting
from sudden changes in the profile above 4 km AGL. From these constructed soundings, CAPE
and other parameters were calculated at 5-minute intervals over the period. It was found that
CAPE increased from about 400 J kg-1 to 1100 J kg-1 from 2000 to 2230 UTC (Fig. 11),
depending on which CAPE calculation is performed. The SB parcel inherits its initial
characteristics from the surface measurements, the ML parcel uses the mean conditions in the
lowest 100 mb of the atmosphere, and the MU parcel is the most unstable parcel found in the
lowest 300 mb of the atmosphere.

Figure 11: CAPE (in J kg-1) at the Belle Mina, Alabama from 2000 to 2230 UTC from the soundings reconstructed
from CLAMPS and the ATDD sounding data.

2.2.4 ARPS Model
To examine moisture advection more closely, we used the Advanced Regional Prediction
System (ARPS, Xue et al. 2000) model to simulate the weather conditions from 12 UTC on 31
March 2016 to 0300 UTC on 1 April 2016. These simulations were run with 6 km horizontal grid
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spacing, and initial conditions nested inside the 1200 UTC NAM. These simulations showed
southerly winds and increasing equivalent potential temperature (θe) over northern Alabama over
the course of the afternoon (not shown) suggesting higher temperatures and/or dewpoints over
the region are being advected north, possibly as far as Belle Mina. The simulations also captured
the morning rainfall event, and convective initiation later in the afternoon. From the simulations,
we found low-level moisture (below 500 m) at the Belle Mina site did not increase much during
this time (Fig 13a, b). However, at altitudes at and above 500 m, there were alternating layers of
drying and moistening. These alternating layers persisted throughout the time period (Fig. 13b).
These alternating layers of drying and moistening were also evident in each of the soundings
(Fig. 10a-c) and the plot of the moisture advection (Fig. 13) calculated from simulations of the
day’s weather.

Figure 12: Model output from the (a) 13:30 UTC, (b) 1600 UTC, (c) 1900 UTC, and (d) 2100 UTC. The background
shading in 𝜃𝑒 , the arrows wind in m s-1, and the contours are reflectivity.
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Figure 13: Plot of the moisture advection at Belle Mina, Alabama calculated from ARPS simulations at (a) a single
time, 2000 UTC on 31 March 2016, and (b) from 2000 UTC to 0200 UTC 1 April 2016. The cause of the enhanced
moisture advection at all levels at 2130 UTC is unknown.

We also calculated CAPE from the model by creating soundings from the model data
(Fig. 14s). The order of magnitude of model CAPE is comparable to the observed CAPE values,
but the increase in CAPE happens more abruptly and later in time (2300 UTC) than in the
observations. To examine the drivers of CAPE in more detail, the time tendency of CAPE
equation (2) was utilized. To calculate the terms of the equation, we used data from the model
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and plugged it into each term of the equation individually. The value of each of these terms was
calculated for each five-minute interval from 2000 UTC on 31 March to 0200 UTC on 1 April
(Fig. 15). At the time of the sharp increase in modeled CAPE (2300 UTC), the changes in CAPE
due to radiational cooling boundary layer entropy were much larger than other times in the
model, and the advection term was generally slightly negative (Fig. 15). It is inferred that, within
the model, there was a great deal of heating in the lowest levels of the atmosphere, and cooling
aloft. Interestingly enough, CAPE calculated from the reconstructed soundings reaches its peak
at a time (2230 UTC) intermediate between the ATDD soundings (2100 UTC) and the model
(2300 UTC) (Fig. 14). It is hard to conclusively say why this happens, particularly because our
last ATDD sounding was at 2200 UTC, so we do not see if the CAPE increased again around
2300 UTC.

Figure 14: SB CAPE values calculated from the ARPS simulations (green curve), ATDD soundings (yellow curve),
and constructed ATDD/CLAMPS soundings from 2000 UTC on 31 March 2016 to 0200 UTC on 1 April 2016.
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Components of CAPE on 31 March 2016 at Belle Mina, AL
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Figure 15: Each of the terms in the time tendency of CAPE equation (2), calculated from the ARPS simulations at
the grid point closest to Belle Mina.

It appears that the greatest source of CAPE was boundary layer entropy, or the subcloud
layer (Fig. 15). We sought to break down this term (A) further in order to figure out what
sources contributed to the boundary layer instability that day.
The static stability portion of term A (Eqn. 2) can be split up further as follows:
𝑑𝑆𝑖
𝐹𝑠
𝑄𝑏
=
+
𝑑𝑡
∆𝑧𝑏 𝑇𝑏

(6)

where Fs is the surface flux of entropy, 𝑄𝑏 is the radiative heating of the subcloud layer, 𝑇𝑏 is the
temperature of the subcloud layer, and ∆𝑧𝑏 is the subcloud layer depth. We can calculate Q using
the thermodynamic equation (Eqn. 4). This allows us to calculate the last term in the equation
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leaving the surface flux of entropy term as a residual. It is possible for us to retrieve the subcloud
layer depth from the FMCW data but we cannot calculate Fs with available data. This is
something to be done in the future.
Using the alternate form of term A (Eqn. 3)

𝑑𝑇
𝑑𝑡

can be split up the same way as done in

term B, again utilizing the thermodynamic equation (Eqn. 3). To do this we start with Eqn. 3
(1 −
and replace

𝑑𝑇
𝑑𝑡

𝑇𝐸𝑙
𝑑𝑇
)𝐶𝑝
𝑇𝑜
𝑑𝑡

with the thermodynamic equation, Eqn. 4 to yield
(1 −

𝑇𝐸𝑙
𝑄
)𝐶𝑝 (−𝑣⃑ ∙ ∇𝑇 + 𝑆𝑝 𝜔 + )
𝑇𝑜
𝐶𝑝
A1

A2

(7)

A3

We can directly calculate the advection and vertical terms and leave Q as the residual.
We used this method to split up the boundary layer term, as it allowed us to examine more
factors that contributed to the increase in CAPE in this layer. Fig. 16 depicts the results of this
analysis. The residual is taken to be the heating rate, as it is the only term we could not directly
calculate. Advection appears to be the largest contributors to the CAPE in the boundary layer.
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Figure 16: Plot of the each of the calculated terms in term A, the boundary layer entropy term, of time tendency of
CAPE equation from the ARPS simulations.

In both methods, Q is technically calculated as a residual of the thermodynamic equation
(Eqn. 4) but a comparison was done to see if the different heating terms as a whole gave similar
results. This comparison was performed between the rate of CAPE change for the residual and
the heating component of CAPE change in Eqn. (6). Again, Eqn. (6) was ultimately not used to
break down the boundary layer time tendency of CAPE, because we could not directly calculate
the surface flux of entropy Fs, but we did calculate the heating rate in this term with the
thermodynamic equation (Eqn. 4). The differences between the two were large, likely because
the calculation Q as a residual of Eqn. (7) was largely dominated by the temperature advection
calculation. Direct calculation of Q is needed in future work.
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DISCUSSION AND CONCLUSIONS

We conclude subcloud layer heating due to insolation was the primary driver of CAPE
increase at Belle Mina, Alabama on 31 March 2016, followed by moisture advection.
The CAPE increase estimated using the “sounding replacement” method (Section 2.2.2)
(1822 J kg-1 and 141 J kg-1 from solar radiation and moisture advection, respectively) suggests
that CAPE should have increased more than the observed 1163 J kg-1, which leads to the
conclusion that some other mechanism was present that modulated CAPE values. This
modulating influence could be cooling of the subcloud layer. Vertical air motion could also be
cooling the subcloud layer (Fig. 16). Further observation and simulation are needed to isolate the
effects of each of these processes on CAPE.
Over the course of the afternoon, CAPE increased from about 200 J kg-1 to the observed
1163 J kg-1. This increase was seen in both the simulations and observations, suggesting the
model could be used for some further interpretation of the observations. Utilizing the model, we
were able to determine that most of the increase in instability in the atmosphere occurred within
the subcloud layer (consistent with Kirkpatrick et al. 2011). Within this layer, heating played the
largest role in destabilizing the atmosphere and controlling the time tendency of CAPE, as
evident in the analysis from the soundings (Fig 10) and model analysis (Fig 14, 15). However, it
was found that radiative cooling and advection of relatively cool air toward Belle Mina exerted a
modulating influence, limiting the peak value of CAPE.
Both the model data and the observations lead us to conclude that heating of the
atmosphere, particularly of the boundary layer, lead to the CAPE increase preceding the
Priceville, Alabama storm and tornado on 31 March 2016. The results of numerical simulation
also lead us to conclude that temperature advection played a significant role in the warming of
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the boundary layer. Moisture advection, while present, played a much smaller role than initially
thought. These results are consistent with previous studies that found that robust convection is
possible in low CAPE environments when it is concentrated in lower levels (Kirpatrick et al
2011; McCaul and Weisman 2001).
In the future, we will also continue to examine the evolution of CAPE values in more
detail by directly calculating the change in boundary layer entropy, and directly calculating the
heating rate without the thermodynamic equation. To complete these calculations, we need a way
to directly measure the surface flux of entropy Fs, or directly measure Q. We also look to
calculate components of equation 2 using observation data instead of using just the model and
look at the role of moisture in more detail. To complete these calculations, we need higher
temporal resolution sounding observations from around the state to calculate advection, as well
as the same measurements required for the boundary layer entropy and Q. Additionally, we will
examine the boundary layer growth in more detail using an extended Kalman filter technique
(Lange et al. 2015) to objectively identify the top of the boundary layer and track its evolution.
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APPENDIX

Scale Analysis of Time Tendency of CAPE:
𝑃𝐿𝐶𝐿
𝑑𝐶𝐴𝑃𝐸
𝑑𝑆𝑏
𝑅𝑑 𝑄 𝑇𝑣
𝑅𝑑 𝑇𝑣
(𝑣𝑟 ∙ ∇𝜃)𝑑 ln 𝑃
= (𝑇𝐿𝐶𝐿 − 𝑇𝐸𝐿 )
−∫
( )−
𝑑𝑡
𝑑𝑡
𝐶𝑝 𝑇
𝜃
𝑃𝐸𝐿

A.

B.

C.

For this scale analysis term A was rewritten as:
(1 −

𝑇𝐸𝑙
𝑑𝑇
)𝐶𝑝
𝑇𝑜
𝑑𝑡

Both 𝑇𝐸𝑙 , and 𝑇𝑜 are on the order of 102 K, but 𝑇𝑜 is larger than 𝑇𝐸𝑙 . The fraction of
scales to 10-2. 𝐶𝑝 scales to 103 J kg-1 K-1, and

𝑑𝑇
𝑑𝑡

𝑇𝐸𝑙
𝑇𝑜

scales to 10 K per 6 hours. This results in the

boundary layer term (A) scaling to 102 J kg-1 6 hour-1.
With typical mesoscale values, and taking Q scale to 2 K per day, term B and C scale to
10 J kg-1 6 hour-1. This means changes in the low level, or subcloud layer will likely contribute
most to CAPE. This analysis was based off of the one done in Humphry and Bosart 2011.

Table 4: Calculated CAPE rates, in J kg-1 5 min-1 from 2200 UTC on 31 March 2016 to 0200 UTC on 1 April 2016
from the ARPS simulations using equation 2. X represents when the calculated value was not available.

Time

Advection

Radiative Cooling

Boundary Layer
Entropy

2000

0.885636

-0.0240932

0.0326263

2005

0.262024

0.183389

0.069522

2010

0.608617

0.0438658

0.059936

2015

0.162313

0.065603

0.134436

2020

0.137447

0.115708

0.297155

2025

0.255947

0.0687678

0.297155

2030

0.390102

0.0488446

0.374187
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Time

Advection

Radiative Cooling

Boundary Layer
Entropy

2035

0.486382

0.0281905

0.221979

2040

0.598382

0.0413221

-0.043416

2045

0.74341

0.0566751

-0.161315

2050

0.657862

0.104211

-0.0279882

2055

0.489355

2.63258

0.196724

2100

0.489714

-2.40088

0.252679

2105

0.398277

0.138384

0.0538025

2110

0.424684

0.145013

0.0828091

2115

0.579066

0.0727404

0.076094

2120

0.687399

-0.0039809

0.0366111

2125

0.570542

X

0.0197653

2130

X

X

-0.0025315

2135

0.810881

0.0564709

X

2140

0.886246

0.0856532

-0.012551

2145

0.992656

0.126425

0.0523517

2150

1.07269

0.119491

0.0729813

2155

1.09865

0.13079

0.0748664

2200

1.10233

0.103754

0.0804201

2205

1.07268

0.0911566

0.0592263

2210

1.18198

0.125757

0.0345497

2215

1.27604

0.126906

0.0327514
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Time

Advection

Radiative Cooling

Boundary Layer
Entropy

2220

1.11669

0.169818

0.110172

2225

1.13622

0.113464

0.0861414

2230

1.36561

0.158528

0.0252052

2235

1.71103

0.137332

-0.0751334

2240

1.65929

0.198233

-0.230289

2245

1.7111

0.243879

-0.26935

2250

1.59705

0.298344

-0.390802

2255

1.71326

0.273141

-0.392826

2300

1.56418

2.86952

-0.151123

2305

1.54278

0.174956

0.151762

2310

1.36309

0.333253

-0.0396148

2315

1.44318

0.229469

-0.347074

2320

1.47777

0.259537

-0.272484

2325

1.52411

0.138503

-0.241345

2330

1.46457

0.269714

-0.380919

2335

1.01915

0.29419

-0.497539

2340

0.892738

0.277982

-0.183483

2345

1.16024

0.164039

0.0857823

2350

2.33137

0.038914

-0.306405

2355

1.37185

0.152278

-0.428167

0000

1.9389

0.17637

-0.438524
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Time

Advection

Radiative Cooling

Boundary Layer
Entropy

0005

0.738165

0.287533

-0.778414

0010

0.572899

0.243962

-0.300874

0015

1.05536

0.174505

0.0695207

0020

1.29348

0.152171

-0.0827824

0025

1.03733

X

-0.176967

0030

X

X

-0.225313

0035

1.61125

0.0508106

X

0040

1.22053

-2.46381

-0.437289

0045

1.03805

0.187446

-0.57679

0050

0.952229

0.278286

-0.714588

0055

1.21134

2.72262

-0.468744

0100

1.62074

0.050319

-0.422747

0105

0.845058

0.0346989

-0.75693

0110

0.663381

-5.27019

-0.247245

0115

0.643572

-2.35436

0.0935531

0120

-0.0566706

-2.14619

0.0489821

0125

0.791937

7.98577

0.182443

0130

1.35774

2.9168

-0.260824

0135

1.1381

2.81926

-0.0749552

0140

0.806989

0.0727238

-0.166967

0145

0.673883

X

-0.405394

37
Time

Advection

Radiative Cooling

Boundary Layer
Entropy

0150

X

X

0.434986

0155

X

X

X

0200

X

-0.104478

X
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